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Abstract
The search for a dark photon produced at e+e− colliders in the forward region, which subsequently decays into an excited and
a ground state dark matter, is discussed. The excited dark matter decays into a pair of visible charged particles and a normal dark
matter after traveling some distance. The visible decay products can be recorded by an emulsion detector, placed around the main
e+e− detector. This setup can not only explore new parameter regions not reached before, but also re-open some regions thought to
be excluded by previous experimental data. The physics potential of such a detector around BESIII and Belle-II is presented.
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1. Introduction
The dark matter is well motivated by astrophysical observa-
tions, and it is believed to interact weakly with the Standard
Model (SM) particle through some mediators, e.g., the dark
photon. A number of fixed-target as well as collider-based ex-
periments have searched for a dark photon, where it is produced
from charged particles with a tiny coupling strength. The dark
photon can decay back into charged SM particles, after flying
some distance due to the small coupling and hence small decay
width, which is the model of many fixed-target experiments (see
[1] and references therein). When the dark photon mass is large
and the coupling is not so small, it can decay promptly into a
pair of charged or neutral dark matter particles, which has been
studied at the electron-positron colliders such as BaBar [2, 3].
We here propose a new experimental setup for searching for
a dark photon that promptly decaying into a pair of dark mat-
ter particles at the e+e− colliders. Complementary to the direct
search for such a particle in the central detector region, we pro-
pose an emulsion detector in the forward region where it is more
abundantly produced, and out of the detector’s acceptance. One
of the two dark matter particle is in an excited state, so it can
further decay into the ground state dark matter and a charged
particle pair. By detecting the charged pair, the existence of a
dark matter sector with a dark photon mediator can be inferred.
2. Theoretical framework
At low energy, we assume an effective toy model with a dark
photon mediator X and complex scalar φ as the dark matter par-
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ticle. The relevant Lagrangian reads
L =LS M − 14XµνX
µν +
1
2
m2XXµX
µ − eQ fXµ f¯γµ f+(
Dµφ
)∗
Dµφ − µ2φ∗φ − 1
2
ρ2 (φφ + φ∗φ∗) , (1)
where X is the dark photon, f is the SM fermion with charge
Q f ,  is the mixing parameter between the U(1)Y and U(1)D
gauge fields, Dµ = ∂µ + igDXµ is the covariant derivative with
dark coupling parameter gD, φ = (φ1 + iφ2)/
√
2 is the complex
scalar dark matter. The last term in Eq. 1 is a “Majorana”-like
mass term that violates the U(1)D symmetry. Substituting φ1,2
for φ, we have
L ⊃1
2
∂µφ1∂
µφ1 +
1
2
∂µφ2∂
µφ2 − 12
(
µ2 + ρ2
)
φ21
− 1
2
(
µ2 − ρ2
)
φ22 − gDXµ (φ2∂µφ1 − φ1∂µφ2)
+
1
2
g2DXµX
µ
(
φ21 + φ
2
2
)
. (2)
It is evident that the presence of the small ρ-term in Eq. 1 causes
a mass splitting between the two real scalars φ1 and φ2, with
mass m1 =
√
µ2 + ρ2 and m2 =
√
µ2 − ρ2, respectively. It is
also possible to achieve a similar mass splitting for a fermionic
dark matter by the presence of Majorana mass terms [4], but the
scalar model we are studying will be general enough to cover
similar kinematics.
3. Dark photon production at e+e− colliders
The main production diagrams of a dark photon through
e+e− → γX at a e+e− collider are shown in Fig. 1.
The Born level differential cross section of the process
e+e− → Xγ with respect to cos θ, where θ is the polar angle
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Figure 1: The production diagrams of an on-shell dark photon X at a e+e−
collider.
between the outgoing X and the electron beam axis, can be ex-
pressed as [5]
dσ
d cos θ
= 2pi2α2
(
s + m2X
)2
+
(
s − m2X
)2
cos2 θ
s
(
s − m2X
) (
s sin2 θ + 4m2e
) , (3)
where s is the center of mass (CM) energy squared of the e+e−
system, and me the electron mass. The cross section as a func-
tion of cos θ is shown in Fig. 2(a), from which it is seen that
the dark photon is primarily produced in the very forward di-
rections of a e+e− detector system. The total production cross
section for different CM energy is shown in Fig. 2(b), from
which we see that the dark photon is more favorably produced
at lower energy e+e− colliders such as BESIII (the cross section
for mX = 1 GeV at BESIII is about 7.53 times at Belle-II).
4. Dark photon decay
After X is produced, it then promptly decays into charged
SM fermion pair, or an excited dark scalar φ1 and a ground
state dark scalar φ2. The spin averaged X decay width to each
final state can be expressed as
Γ(X → f f¯ ) =1
3
2Q2fαmX
1 + 2m2fm2X
 1 − 4m2fm2X

1
2
, (4)
Γ(X → φ1φ2) =
g2D
48pi
mX
1 − 2(m21 + m22)
m2X
+
m41 + m
4
2 − 2m21m22
m4X

·
1 − (m1 + m2)2
m2X
 12 1 − (m1 − m2)2
m2X
 12 , (5)
where m f denotes the charged fermion mass ( f = e, µ, u, d, s),
and α is the fine structure constant. The partial decay width into
quarks can be collectively named Γhad, and can be effectively
evaluated using the experimental R data [6], which is defined as
R(
√
s) =
σ(e+e− → hadrons)
σ(e+e− → µ+µ−) . (6)
This experimental data input starts from
√
s = 0.3 GeV (just
above the pipimass threshold), with which Γhad can be expressed
as
Γhad = Γµµ · R(
√
s = mX). (7)
When gD is orders of magnitude larger than , X will predomi-
nantly decay into the dark final state φ1φ2. Namely, the branch-
ing ratio (BR) of X → φ1φ2 will be large.
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Figure 2: The differential cross section of the e+e− → Xγ process as a function
of cos θ (a), and its total cross section as a function of
√
s (b), with the chosen
parameters indicated in the plots. The CM energy of BESIII and Belle-II are
indicated by a solid dot and box, respectively.
5. Excited dark matter decay
The φ1 will fly for some distance, and then decays into φ2
and a f f¯ pair through an off-shell X∗, as shown in Fig. 3.
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Figure 3: The decay diagram of an excited dark scalar φ1 into the dark matter
φ2 and a f f¯ pair through an off-shell X∗.
The partial decay width of the three-body decay φ1 → φ2 f f¯
2
can be expressed as
dΓ(φ1 → φ2 f f¯ ) =
2Q2fαg
2
D
8pi2m31(m
2
f f¯
− m2X)2
[
(m2f¯φ2 − m
2
f )(m
2
1 + m
2
2+
m2f − m2f f¯ − m2f¯φ2 ) − m1m2
]
dm2f f¯ dm
2
f¯φ2
, (8)
where m f f¯ denotes the f f¯ pair invariant mass, and m f¯φ2 the in-
variant mass of f¯ and φ2. After integrating out m f¯φ2 , the partial
decay width becomes
dΓφ1
dm f f¯
=
2Q2fαg
2
D
24pi2m31(m
2
f f¯
− m2X)2m2f f¯
[
(m21 − m22 − m2f f¯ )2(m2f f¯ + 2m2f )
−4m22m4f f¯ − 8m22m2fm2f f¯
] (
m2f f¯ − 4m2f
) 1
2
[
(m21 − m22 − m2f f¯ )2
−4m22m2f f¯
] 1
2 , (9)
and the allowed range for m f f¯ is 2m f ≤ m f f¯ ≤ (m1−m2). When
f = e, the differential decay width of φ1 is shown in Fig.4. It is
evident that the ee pair mass has a broad spectrum spanning the
whole allowed mass range. For the hadronic three-body decays
of φ1, as for the case of X, the R input is used.
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Figure 4: The differential decay width of φ1 → φ2e+e− as a function of mee,
with the chosen parameters indicated in the plot.
Since it is produced from the X decay, the flight length (d)
of φ1 is determined by its Lorentz boost factor γ1 and its total
decay width by
d =
γ1β1∑
f Γφ1→φ2 f f¯
, (10)
where β1 is the speed of φ1. The φ1 boost factor varies from
event to event, but an average value can be obtained by averag-
ing over the angle θ∗1 in Eq. 12 introduced in the next section.
The d distributions as a function of m1 and m2 thus calculated
for two different values of gD are shown in Fig. 5-6, in the set-
ting of BESIII. Only parameter spaces with 2m < d < 50m are
shown. It is evident that as gD increases, the mass m1 has to
decrease for d to be in an appropriate range.
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Figure 5: The distribution of φ1 average flight length (color codes in the unit of
meter) as a function of m1 vs. m2, in the range 2 m < d < 50 m, with the chosen
parameters indicated in the plot. The φ1 Lorentz boost factor is based on Eq.
12 but averaged over θ∗1.
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Figure 6: Same as Fig. 5, but with gD = 0.5.
6. Excited dark matter distributions in the lab frame
The double differential cross section for the φ1 production, in
the narrow width approximation and with full spin correlation
between e+e− → γX and X → φ1φ2, is proportional to
dσ
dΩdΩ∗1
∝ 1
s
(
s sin2 θ + 4m2e
) {(s + m2X)2 + (s − m2X)2 cos2 θ
−
[(
s − m2X
)2
+
(
s + m2X
)2
cos2 θ
]
cos2 θ∗1
+ 4mX
√
s
(
s + m2X
)
sin θ∗1 cos θ
∗
1 cos φ
∗
1 sin θ cos θ
−4m2X s sin2 θ∗1 cos2 φ∗1 sin2 θ
}
, (11)
where Ω (Ω∗1) is the solid angle of X (φ1) in the e
+e− lab (X rest)
frame, and θ∗1 and φ
∗
1
1 are the polar and azimuth angles of Ω∗1,
with the flight direction of X in the e+e− lab frame as the polar
axis for Ω∗1.
Contrary to Eq. 3 where X is produced primarily in the for-
ward (θ = 0 or pi) region, it is seem from Eq. 11 that when
1Note that φ∗1 is also the angle between the plane formed by the beam axis
and outgoing X, and the plane formed by the X decay products.
3
θ → 0 or pi, and θ∗1 → 0, the cross section vanishes, which cre-
ates a ”hole” in the very forward region. With Ω and Ω∗1 spec-
ified, the energy of φ1 in the e+e− lab frame can be expressed
as
E1 =
s + m2X
4
√
s
1 + m21 − m22
m2X
 +
s − m2X
4
√
s
1 + m21 − m22m2X
2 − 4m21
m2X

1
2
cos θ∗1, (12)
and the angle between its flight direction and the electron beam
axis in the same frame (θ1) can be determined via
cos θ1 =
{[
s − m2X + (s + m2X)β∗1 cos θ∗1
]
cos θ−
2
√
smXβ∗1 sin θ
∗
1 cos φ
∗
1 sin θ
}
·
{
4sm2Xβ
∗2
1 sin
2 θ∗1+[
s − m2X + (s + m2X)β∗1 cos θ∗1
]2}− 12
, (13)
where β∗1 is a constant defined as
β∗1 =
1 − 4m2Xm21(m2X + m21 − m22)2

1
2
. (14)
Based on Eq. 11-14, the 2-D probability density distribution
of φ1 Lorentz boost factor γ1 and its cos(θ1) in the lab frame for
two different X masses are shown in Fig.7-8, and the differential
cross section of φ1 as a function of cos(θ1) is shown in Fig. 9 in
the vicinity of θ1 = 0.
0.98 0.985 0.99 0.995 1
)1θcos(
1.4
1.6
1.8
2
2.2
2.4
2.6
1γ
=3.78 GeVs
=1.0 GeVXm
=0.70 GeV1m
=0.2 GeV2m
Figure 7: The 2-D probability distribution of cos θ1 vs. Lorentz boost factor γ1
of φ1 in the e+e− lab frame, with the chosen parameters indicated in the plot.
7. Dark matter decay detector
To detect the visible decay products of φ1, we propose to
use the emulsion detector, which has been used in Opera [7],
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Figure 8: Same as Fig. 7, but with mX = 0.5 GeV, m1 = 0.35 GeV and
m2 = 0.1 GeV.
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Figure 9: The differential cross sections of φ1 as a function of cos θ1 in the e+e−
lab frame, corresponding to four different sets of chosen parameters indicated
in the plot.
DsTau [8] and FASERν [9] experiments. The emulsion detec-
tor is composed of 1000 layers, with each layer consists of a
1 mm thick tungsten plate and 0.3 mm thick emulsion layer.
Each emulsion layer consists of a 200 µm thick base (made
of, e.g., cellulose acetate), sandwiched between two emulsion
films of 50 µm thickness, as illustrated in Fig. 10. The emul-
sion consists mainly of AgBr (about 66%) and gelatin material
(34%). The silver bromide crystals are sensitive to ionization
by charged particles passing through the emulsion (with an en-
ergy band gap of 2.5 eV), and have a typical size of 0.2 µm.
Therefore, the emulsion can have a position measurement of
tracks with a precision below 1 µm, which makes it ideal for
our purpose of detecting a pair of charged particles (ee, µµ or
pipi) with an energy of a few hundred MeV and a small opening
angle. With the detector length L = 1.3 m, we further proposed
4
a cross section area of 20 cm in width and 30 cm in hight. After
particle events are recorded by the emulsion detector for some
period, the films will be developed and the AgBr grains posi-
tions will be read out by dedicated microscopes. At the recon-
struction level, sequences of aligned grains will be recognized
and form tracks of charged as well as neutral2 particles.
Figure 10: The illustration of one emulsion layer of the proposed detector.
We propose to place the detector near a e+e− collider such as
BESIII and Belle-II. One possible placement around BESIII is
illustrated in Fig. 11. The dark matter detector is facing toward
the interaction point (IP) of BESIII. The distance between the
IP and its front area is 6 m, and the perpendicular distance be-
tween the front area center and the BESIII barrel axis is 0.84
m. With the detector positioned as in Fig. 11, the probability
distribution of polar vs. azimuthal angle of particle φ1 in the
e+e− lab frame is shown in Fig. 12, where the area covered by
the detector is indicated by a white rectangular box. The sig-
nal acceptance efficiencies (A) of the detector for two different
mass parameter settings are given in Tab. 1.
Table 1: The efficiencies of signal acceptance by the dark matter detector with
two different mass parameter settings, for
√
s = 3.78 GeV and the detector
position as illustrated in Fig. 11.
parameters (all in GeV) acceptance A
mX = 1.00, m1 = 0.70, m2 = 0.20 1.13%
mX = 0.50, m1 = 0.28, m2 = 0.10 0.91%
The tracks from φ1 decay inside the detector are simulated
by Geant4 [10] with the Physics List FTFP BERT, and a few
examples can be found in Fig. 13(a-c). The signal is charac-
terized by two tracks sharing a common vertex inside the de-
tector, which is highly distinguishable from background parti-
cles (mainly muons) with single tracks going through the whole
detector, as illustrated by Fig. 13(d). The electrons give rise
to electromagnetic showers, and are attenuated quickly inside
the detector. They deposit larger amount of energy in a few
emulsion layers within a short path. On the other hand, muons
of a few hundred MeV travel much longer than electrons, but
steadily deposit similar amount of energy in each layer. The
path’s length for pions is between the electrons and muons, but
usually ends up with several neutral particles consisting mainly
2The tracks of neutral particles are mainly formed by the secondary charged
particles they create in the absorber material.
of neutrons. The energy deposition of neutrons in each layer
is rather intermittent according to the simulation, and may not
form continuous tracks in the reconstruction stage. It wanders
in the detector in a long and convoluted way before it is at-
tenuated. The cosmic muons consist of the major background
particles to this search. It is characterized by a continuous and
smooth track linking one side of the detector to another side,
and can be therefore identified and removed at the reconstruc-
tion stage.
8. Background events
With electrons, photons and hadrons absorbed by upstream
detector and beam pipe related infrastructures, the main back-
ground particles entering the dark matter detector are muons.
They consist of cosmic muons and muons produced in e+e−
collisions, which are described in the following subsections.
A summary of the contributions from different background
sources is given in Tab. 2.
Table 2: The estimated number of muons per cm2 from BESIII (at
√
s = 3.78
GeV) or cosmic sources onto the dark matter detector for a given integrated
luminosity or period. The production cross section at the ψ(3686) resonance
is taken from [11]. The rate for cosmic muons is based on sea level with no
shielding.
non-resonant ψ(3686) cosmic
lumi. or period 10 fb−1 4.5 fb−1 6 months
muons/cm2 20.2 74.4 0.28 × 106
8.1. Collider muons
Non-resonant µ+µ− events are constantly produced in the
e+e− collisions, whose differential cross section is expressed as
dσ
d cos θ
=
piα2
2s
(
1 + cos2 θ
)
. (15)
On the other hand, µ+µ− events can be also produced from
hadron resonances such as J/ψ and ψ(2S ). Because they are
vectors, their differential cross sections have the same angular
dependence as in Eq. 15. These collider muons have very small
efficiency of acceptance in the dark matter detector, and con-
tribute far less background events than the cosmic source, as
shown in Tab. 2.
8.2. Cosmic muons
If the proposed emulsion detector is built above ground (BE-
SIII) or near ground (Belle-II), comic-ray muons could be a
main background. At sea level, assuming a flat Earth, the muon
flux Φ can be approximately defined as
Φ(θ) = I0 cosn−1 θ, (16)
where the zenith angle θ is the angle between the muons mo-
mentum and the normal of the Earths surface, and I0 is the ver-
tical (θ = 0) muon flux integrated over energy. With parameters
n ≈ 3 and I0 ≈ 85.6±2.4 m−2s−1sr−1, obtained by fitting the pre-
vious cosmic-ray muon measurements, the muon flux roughly
5
Figure 11: The schematic views of the emulsion detector position relative to the BESIII detector (only the muon identifier is shown). It is placed 6 m away from
the interaction point, and 0.84 m off from the BESIII axis. From top left to bottom right: the side, front, top and perspective views.
Figure 12: The probability distribution of polar vs. azimuthal angle of particle
φ1 in the e+e− lab frame, with the chosen parameters indicated in the plot. The
cross sectional area of the dark matter detector is indicated by the white box
(0.2×0.3 m2), assuming that it is placed as shown in Fig. 11. The absolute
color scale is arbitrary.
follows a cos2 θ distribution [12, 13]. The integrated muon flux
can be obtained as
Φ =
∫ pi/2
θ=0
∫ pi
φ=−pi
I0 cos2 θd cos θdφ = 179.3 Hz/m2. (17)
To control the track occupancy under 106/cm2 [14] for the
post-processing, the emulsion films have to be replaced before
this limit is reached. With the estimated rate in Eq. 17, af-
ter 6 months’ data taking, the cosmic occupancy will reach
0.28×106/cm2. Therefore, replacement of the emulsion films in
every 6 months is good enough. To reduce the cosmic muon oc-
cupancy, lead shielding can be used, since the BESIII detector
is placed above the ground. Lead with a thickness of approxi-
mately 100 cm shields about 50% of all incoming muons [15].
On the other hand, the Belle-II detector is placed 11 meters
underground. Since concrete material with 100 cm of thick-
ness can shield 33% of cosmic muons [15], lead shielding is
not needed in this case.
9. Signal sensitivity
The expected number of signal events in the dark matter de-
tector can be calculated as:
Nsig = Lσ(e+e− → γX)BR(X → φ1φ2)A
(
e−
6
d − e− 6+Ld
)
, (18)
where L is the integrated luminosity of data, L = 1.3 m, and d
is calculated as in Eq. 10.
The parameter spaces in  vs. gD for two specific choices
of matter parameters with at least one signal event expected in
the emulsion detector around BESIII are shown in Fig. 14-15,
based on 100 fb−1 of data3. The gray area has been excluded by
3This relies on the optimistic scenario with top-up injection and beam cur-
rent upgrade, as proposed in [16].
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(a) (b) (c) (d)
Figure 13: The simulated e+e− (a), µ+µ− (b), pi+pi− (c) pair tracks coming from φ1 decay, and a cosmic muon (d) in the emulsion detector with Geant4. All the pair
of tracks have an invariant mass of 0.3 GeV. The cosmic muon has an energy of 1 GeV. The blue (green) lines correspond to charged (neutral) particles. The cross
sectional view along the z-axis is shown and the horizontal grey lines indicate the the top and bottom boundaries of the detector.
BaBar X → ll (l = e, µ) [2], or X → invisible search [3]. When
 is large and gD is small, the BR(X → ll) might be two large
and would have been excluded by [2]. This is the case when
 >
1√
BR(X → ll) , (19)
where 1 is the limit on  taken from [2]. On the other hand,
the search for an invisible X is based on mono-photon events
at BaBar. If φ1 decays inside the BaBar detector with visi-
ble energy depositions, this event will not be categorized into
mono-photon any more. Considering the BaBar detector size,
we roughly require that φ1 has to fly by at least 2 m away from
IP for the event to be a mono-photon candidate. This means
that events satisfying the following condition would have been
excluded by BaBar X → invisible search:
 > 2e1/d, (20)
where 2 is the limit on  taken from [3]. The combination
of Eq. 19-20 forms the grey area in Fig. 14-15. The cyan
regions in these plots would otherwise be excluded by [3], but
are allowed according to Eq. 20. The yellow regions have a φ1
with d < 2 m, which may leave visible traces inside the BESIII
detector as well.
Similar sensitive parameter spaces in the Belle-II setting can
be found in Fig. 16-17. Although the dark photon production
cross section at higher collision energy is lower, Belle-II can
overtake BESIII with its much larger data size (50 ab−1). Com-
pared to BESIII, it can probe higher dark photon masses, and
sensitive to  values lower by an order of magnitude.
10. Conclusion
If dark photon is a mediator between the SM and dark sec-
tor, it can be searched for directly at the current or future e+e−
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Figure 14: The sensitive parameter region in  vs. gD in which at least one φ1 →
φ2 f f¯ event can be detected by the proposed detector and its position around
BESIII, for the chosen mass parameters indicated in the plot. The yellow area
has an average φ1 flight length d < 2 m. The grey area has been excluded by
BaBar. The cyan region would otherwise be excluded by [3], but re-opens for
exploration in the new model.
colliders. If there is a splitting in the dark matter mass, excited
dark matter decay can be recorded by a dedicated new small de-
tector around the e+e− colliders. The acceptance is complemen-
tary to the direct dark photon search in the main e+e− detector,
since the new detector is in a very froward region out of the
main detector’s reach. This new detector can search for param-
eter spaces not reached by previous experiments with the new
BESIII and Belle-II data, and can also re-open some parameter
spaces that have been excluded by previous data derived with
simple assumptions. Such a detector around BESIII can probe
the dark photon coupling parameter  down to 2 × 10−4, and if
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Figure 15: Same as Fig 14, with the same detector around BESIII, but with
mX = 0.5 GeV, m1 = 0.28 GeV and m2 = 0.10 GeV.
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
)-410× (ε
0
20
40
60
80
100
120
140
160
180
200
)
-
3
10
×
 
(
Dg
=10.58 GeVs
-1lum.=50 ab
=3.00 GeVXm
=2.20 GeV1m
=0.50 GeV2m
Figure 16: The sensitive parameter region in  vs. gD in which at least one φ1 →
φ2 f f¯ event can be detected by the proposed detector around Belle-II, whose
proposed position is the same as in Fig. 11, for the chosen mass parameters
indicated in the plot. The yellow area has an average φ1 flight length d < 2 m.
it is around Belle-II, can further reach down to 2× 10−5. Such a
detector will open a new window for searching for new physics
related to a dark sector.
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mX = 1.5 GeV, m1 = 0.9 GeV and m2 = 0.2 GeV.
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